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ABSTRACT The effects of diode geometry and externally ap-
plied magnetic fields on electron beam production and transport
for KrF laser pumping has been studied using two and three di-
mensional particle-in-cell models. The efficiency with which elec-
trons may he transported through the foil support structure de-
pends critically on the size of the openings in the structure as well
as the magnitude of the applied magnetic fields. As the electron
diodes become larger the current which can be produced becomes
limited by the self-magnetic field of the beam. Simulations show
the diode current is limited to slightly more than the usual “crit-
ical current.” However this electron flow is found to be unstable.
The application of strong guide fields not only increases the cur-
rent from the diode but tends to stabilize the electron beam.

INTRODUCTION

The design of efficient, high power Krypton-Fluoride (IKrF) lasers for inertial
fusion applications requires an accurate knowledge of the characteristics of the
intense relativistic electron beams used to pump these lasers. The electron tra-
Jectories and resulting current densities for these beams depend critically on both
the externally applied and sclf-consistent electric and magnetic ficlds in the diode.!
Issues requiring large scale computation include the effects of diode geometry and
applied external magnetic field on diode impedance and spatial uniformity of the
electron beam. Because the vacuum in the diode must be separated by a foil from
the high pressure laser gas, a suhstantial support structure known as a hibachi
is used to support the foil. Another critical issue is the efficiency with which the
beam may be transmitted through the hibachi.

The particle-in-cell model, ISIS, has been modified and used to study diode
performance for existing laser pumping configurations and conceptual designs for
higher power lasers.? This model follows the motion of charged particles in the elec-
tric and magnetic fields obtained from the full set of time-dependent Maxwell's
equations in both two and three dimensions. Conducting and wave-transmitting
bhoundary conditions may be applied to the field to model electrode and return cur-
rent structures. Particle boundary conditions include space-charge limited emis-
sion from cathodes and particle absorption in conducting structures,

* This work was performed under the auspices of the US. Dept. of Encrgy



HIEACHI TRANSMISSION EFFICIENCY

Figure 1 is a snapshot of the electron beam particles showing the geometry
of the cathode and anode and transport through the hibachi structure {rom an
ISIS simulation for the Intermediate Amplifier stage of the AURORA Laser at Los
Alamos.! The hibachi is 118 in long and 21 in hich and contains 168 openings,
each 2 x 3.9 in%?. The cathode is seen to be slightly smaller, 113 x 18 in?, and is
located 3.15 in behind the hibachi. A foil, not shown modeled as a conducting
plane is placed over the hibachi structure on the front side to contain the laser gas.
Also not shown, but modeled, is the retura current path. The simulation used 50
x 150 x 42 = 315 000 cells. Each opening in the hibachi contained 4 x 5 x 7 =
140 cells. Only a small fraction of the over 400 000 particles used are shown. A
voltage rising to 800 kV was slowly applied to the diode and the calculation was
run to steady state to obtain the snapshot. The diode produces a total current of
about 340 kA.

FIG. 1. Diode and hibachi structure for the AUROFI % Intermediate Amplifier
taken from an ISIS perticle-in-cell calculation.

The fraction of the electrons transported is less than the geometrical open
arca of the hibachi because the beam trajectories are skewed by the combination
of external and self fields. Figure 2a shows the projection of the electrons on the
x-y plane for all particles within 1 cm of the cathode. The emission is uniform
and the particles are emitted fromn the cathode in a regular geometric pattern.
Figure 2bh shows the projection of the electrons on the x-y plane for all particles
that have come through the hibachi and foil for the case of a 500 G magnetic
field applied along the z-axis, in the direction of the electron beam. The effects
of the bean rotation and skewing, as well as blockage by the hibachi is clearly
seen, Computation of the electron trajectories and consequently the transmission
cflicieney is a complicated three-dimensional problem involving the self-consistent



as well as applied fields.
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FIG. 2. (a) Projection of electron emitted from the cathode. (b) Electrons trans-
mitted through the hibachi for 500 G applied field.

Other calculations show thut for the

hibachi opening size presently used, the ' ‘ '
transmission efficiency is a strong func- P o o

tion of the applicd magnetic fields. Re- En | -
cent developments show promise for sig-

nificantly increased foil strength.? These §,.. | . A
foils would be able to span larger hibachi . °

opening without rupturing from the high -

pressure laser gas. The results of 6 dif- B2 ¢ oSmalHols -
ferent calculations of the transmission ef- Olarge Holes
ficicucies as a function of applied mag- . L )

netic field, for the hibachi shown in Fig. 0.0 05 micl?_mm 15 20

1 and for the case where the two vertical

columns of openings were replaced by a FIG. 3. Simulation results showing the
single opening are summarized in Fig. 3. effects of hibachi opening size and mag-
The hibachi geemetrical open area of the netic field on transmission efficiency:,
hibachi increased fLom 65% to 80% for

the larger openings.  In addition, the sensitivity to applied magnetic field was
greatly reduced. If such foils can be obtained, there are significant advantages for
transmission efficiency in using larger hibachi openings.

CRITICAL CURRENT

For larger KrF amplifiers it may become necessary to segment the diodes
used to pump the laser.  An important issue for large arca diedes is how large



can the current be that can be produced in a single morolithic diode design. For
cathodes whose transverse dimensions are large compared with the gap between the
anode and cathode, the transverse electric field which is shorted at the conducting
cathode and anode plane, will be small everywhere compared with the beam’s own
magnetic field. Thus the beam will experience a self-pinching. An electron on the
outer edge of the beam will fail to reach the anode, when its gyroradius is equal
to the anode-cathode (A-K) gap spacing, d. For a voltage on the diode which
accelerates particles to an energy (v — 1)mc?, this condition is

1Bc/w. = d, (1)

where fc 1s the electron velocity and w, is the cyclotron frequency. For a cylin-
drically symmetric beam, the maximum self-field is given by B = 2I/rc, where r
is the radius of the beam and I is the current. Using this expression we find the
critical current is given, in cgs units, by

med v
Icrit = ?7ﬂ2 (2)

For one-dimensional diodes an approximate expression for the electron current
density for diodes with voltages greater than 0.5 MV has been obtained by Jory and
Trivelpiece! (for lower voltages, the Child-Langmuir formula is accurate). If we
approximate our cylindrically symmetric diode by multiplying this current density
by the area of the cathode, i.e., 772, we obtain an expression for the current the
diode should produce.

T)zl
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=252 0.8471)(5

2e
Takinug the ratio of Eq. (3) to Eq. (2) we find

(3)
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A similar “one-dimensional” theory can be applied to long, thin cathodes such as
the one depicted in Fig. 1. In this case, r in Eq. (4) is replaced by the narrow
cathode width, w. Equation (4) predicts that for a fixed voltage, the diode current
will exceed ti - eritical current as the radius of the cathode, r, is increased relative
to the A-K gap, d. For o diode voltage of 1 MV, this occurs for r/d & 3.6.

To test the validity of this mode] and to ascertain what happens to the diode
when one exceeds the critical current, a series of 2-dimensional eylindrically sym-
metrie simulations were perforined with ISIS. The cathode consisted of a right
circular eylinder with a radius 18 times the A-IX gap. However, the radius over
which the cathode was allowed to emit was varied to change the effective eathode
radius, . The diode voltage was 1 MV, No hibachi was modeled, only a conducting
anode plane at which particles are absorbed.

(4)



The results of 7 simulations are shown

20 T in Fig. 4 by the solid circles. The line

is the one-dimensional theory of Eq. (4).

15 | 4 Wher the cathode (emitting) radius, r, is
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Fig. 4. Diode current as a function of as the cathode radius is made larger. It

cathode radius for idealized diode. means that the current no longer scales
as (r/d)? but as r/d.

Thus if a diode is pushed beyond the critical current, it does not fail to produce
a beam, even without an applied magnetic field. However, the current scaling is
not favorable with r. Furthermore, the outer edge of the beam strikes the anode
at a sharp angle. Unless the hibachi has large openings, one would not expect to
transmit a large fraction of the beam.

It is useful to express these concepts in terms of the diode impedance, Z =
V/I, where V' = (5 =1)mc?/e is the diode voltage. Using either Eq. (3) or Eq. (2)
and the condition fromi Eq. (4) for the current to be equal to the critical current,
we find an expression for the critical impedance which is independent of the diode
geometry:

(412 - 0.8471)?

au = 00
Zaw =6 Y+ 1

For segmented designs with no applied magnetic field and no expanding flow so
that the assumption of no transverse electric field is valid, one would like to keep
the impedance of cach diode above this value. For 1 MV (v = 3), the critical
impedance is 11,7580

DIODE STABILITY

In addition to the large transverse motion observed for the 2lectrons in simula-
tions in which the diode current exceeds the predicted critical current, the electron
current is observed to undergo rapid fluctuations in time. This effect is observed
in both the 2-dimensional and 3-dimensional simulations. The diode current as a
function of time, shown in Fig. 5, is taken from 2-dimensional simulation of the
type discussed in the previous section for a cathode radius of 75 em and an A-K
gip of 10 cni. The diode voltage was 1 MV. The fluctuations begin near the time
the diode voltage reachies its maximum. Initindly the oscillations are small and a



single frequency, which we have correlated with the beam plasma frequency. The
amplitude of the fluctuations grow exponentially and the figure shows evidences
of frequency doubling leading to cheotic oscillations.

The exact mechanism for the fluctations has not been determined. However,
because diodes above the critical impedance did not exhibit the oscillations and
those below Z.,;; did, one may speculate that the mechanism is associated with
the beam dynamics in the presence of its own magnetic field. As the current
exceeds the critical current, the outer electrons do not reach the anode. The effect
is to reduce the diode current and increase the space charge in the A-K gap, which
also reduces the diode current. Once the current is reduced .he outer electrons no
longer experience as large a magnetic field. Therefore they will reach the anode
creating = larger current and hence a larger magnetic field, starting the process
over again. Simulatious indicate that the oscillations may be stabilized if a strong
magnetic field is applied. The calculations at no magnetic field for the Intermediate
Amplifier exhibited current fluctations, while the ones at 1.5 kG were quiescent.
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FIG. 5. Diode current as a function of time showing unstable behavior for diode
itnpedances below the critical impedance Z.,y in Eq. (5).
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